Iron release from ovotransferrin in acidic media (3 , pH , 6) occurs in at least six kinetic steps. The first is a very fast (# 5 ms) decarbonation of the iron-loaded protein. Iron release from both sites of the protein is controlled by what appear to be slow proton transfers. The N-site loses its iron first in two steps, the first occurring in the tenth of a second range with second order rate constant k 1 = (2.30^0.10) Â 10 4 m 21´s21 , first order rate constant k 21 = (1.40^0.10) s 21 and equilibrium constant K 1a = (60^6) mm. The second step occurs in the second range with a second order rate constant k 2 = (5.2^0.15) Â 10 3 m 21´s21 , first order rate constant k 22 = (0.2^0.02) s 21 and equilibrium constant K 2a = (39^5) mm. Iron is afterward lost from the C-site of the protein by two different pathways, one in the presence of a strong Fe(III) ligand such as citrate and the other in the presence of weak ligands such as formate or acetate. The first step, common to both paths, is a slow proton uptake which occurs in the tens of second range with a second order rate constant k 3 = (1.22^0.03) Â 10 3 m 21´s21 and equilibrium constant K 3a = (1.0^0.1) mm. In the presence of citrate, this step is followed by formation of an intermediate complex with monoferric ovotransferrin; stability constant K LC = (0.435^0.015) mm. This last step is rate-controlled by slow proton gain which occurs in the hundred second range with a second order rate constant k 4 = (1.05^0.05) Â 10 4 m 21´s21 , first order rate constant k 24 = (1.0^0.1) Â 10 22 s 21 and equilibrium constant K 4a = (0.95^0.15) mm. In the presence of a weak iron(III) ligand such as acetate or formate, formation of an intermediate complex is not detected and iron release is controlled by two final slow proton uptakes. The first occurs in the hundred to thousand second range, second order rate constant k 5 = (6.90^0.30) Â 10 6 m 21´s21
Transferrins constitute the most important iron regulation system in vertebrates and some invertebrates, such as worms and insects [1] . Soluble transferrins, such as serum-transferrin, lactoferrin and ovotransferrin, are glycoproteins consisting of a single chain of about 700 amino acids and 80 kDa. These proteins have very similar 3D structures and are all bilobal. Each lobe contains an iron complexation cleft, in which the metal is co-ordinated to the side-chains of four amino acid ligands and a synergistic carbonate or bicarbonate [2±5] . This synergistic anion is absolutely essential for the interaction of these proteins with the metal [6±9]. The affinities of transferrins for iron are extremely high (in the 10 20 m 21 range) [1] . These high values are absolutely required to solubilize Fe(III) in neutral physiological media and can prefigure the functions of transferrins in the metabolism of iron [10] . Indeed, these proteins possess at least two metabolic functions: (a) iron transport and/or (b) scavenging. In mammals, serum-transferrins transport iron from neutral biological fluids to the cytoplasm by receptor mediated endocytosis. Iron is then released inside the cell in acidic endosomes (pH <5.5). The protein is afterwards recycled back to the extracellular medium [11] . In contrast, lactoferrins sequester iron in biological fluids to avoid its use by microorganisms [1] . In birds, ovotransferrins insure this double function by being both iron scavenging and iron delivery agents [4] . In two previous articles [12, 13] , we examined the mechanism of iron release from transferrin in acidic media [Mechanism 1, Eqns (1±8)]. In this mechanism, we showed that iron is first released from the N-site. This release is triggered by the proton-assisted loss of bicarbonate from the N-site (Eqn 1), which is followed by the proton-assisted loss of Fe(III) (Eqns 2 and 3). At pH , 4, Fe(III) loss from the C-site is triggered by the proton-assisted loss of bicarbonate and by the protonation of the C-site bicarbonate-free iron-loaded protein (Eqns 4 and 6). In addition, at pH . 4, a ternary complex intermediate between competitive chelator L and the iron-loaded protein becomes involved in metal release (Eqns 7 and 8). This mechanism was partly confirmed by X-ray crystallography of the N-site of serum-transferrin [5, 14] .
As has already been shown, serum-transferrin is an irontransport system and is known to deliver its load of iron in acidic endosome; the same is expected for ovotransferrin which is also an iron-transport and scavenging system in birds [4] . In a recent series of articles, we examined the mechanisms of iron uptake by human serum-transferrin, bovine lactoferrin and hen ovotransferrin and showed that the uptake of iron by hen ovotransferrin and bovine lactoferrin occurs much more slowly than by serum-transferrin. We also showed that the affinities of the three proteins for Fe(III) are in the same range of magnitude which implies that the metabolic function of a transferrin as an iron-transport or iron scavenging agent in neutral media is more related to kinetics than to thermodynamics. The iron scavengers ovotransferrin and lactoferrin can keep their load of iron much longer than the iron-deliverer serumtransferrin [9, 15, 16] . In acidic media, lactoferrins behave differently from serum transferrins, as they are known to keep their iron-load even at pH levels as low as 2 [17] . As a result, we expected the iron-deliverer ovotransferrin to behave more like serum-transferrin. Therefore, in this article, we analyse the mechanism of iron release by ovotransferrin by means of the methods and techniques of chemical relaxation [18, 19] .
M A T E R I A L S A N D M E T H O D S
Holo-ovotransferrin and the C-site iron-loaded ovotransferrin were prepared from ovotransferrin (Sigma) and were purified by dialysis according to published procedures [13, 20] . Protein concentrations were checked spectrophotometrically [13] and the degree of iron saturation was checked by polyacrylamide/ urea gel electrophoresis [20] . [6] .
Stock solutions
All stock solutions were used fresh. Ionic strengths (m) were adjusted to a final value of 0.2 m with KCl. The sodium formate or acetate concentrations varied from 20±100 mm, whereas those of sodium citrate ranged from 1±10 mm. Final pH values were adjusted with microquantities of concentrated HCl and NaOH. Transferrin concentrations (c 1 ) ranged from 0.8±125 mm. In order to avoid the formation of Fe(OH) 3 , the pH was never allowed to exceed 5 with acetate [21] . The situation is different with citrate, where the iron chelate is thermodynamically preferred to Fe(OH) 3 [21, 22] . Furthermore, the weak formate ligand was only used in acidic media (pH , 4) where there is no risk of Fe(OH) 3 formation [23] . A CO 2 controlled atmosphere was obtained in a glove bag or in a special device equipping the stopped flow spectrometer both under continuous flow of a controlled mixture of CO 2 and N 2 , delivered by CO 2 and N 2 flow-meters (Aalborg). The solutions were kept under these conditions for two hours before the start of the experiments.
pH measurements pH values were measured at 25^0.5 8C with a Jenco pH-meter equipped with an Ingold calomel/glass combined microelectrode. Buffers used for pH standardization were pH 7.00 and 10.01 (Sigma).
Spectrophotometric measurements
Spectrophotometric and fluorimetric measurements were performed on a Perkin Elmer lambda 2 spectrophotometer equipped with a magnetic stirring device and on an AmincoBowman series 2 luminescence spectrometer, respectively. Both were equipped with a thermostated cell carrier with the sample cell at 25^0.1 8C.
Stopped-flow measurements
Fast kinetic measurements were performed with or without a controlled CO 2 atmosphere on an SF 3 L Hi-Tech stopped-flow spectrophotometer equipped with a thermostated bath at 25^0.5 8C, by mixing iron-saturated or unsaturated transferrin with the acetate, formate or citrate buffers as described previously [12] . The apparatus was equipped with two independent light sources and monochromators. The first was a Deuterium light source and a High-Tech monochromator. This was used for absorption measurements. The second was used for fluorescence detection, and consisted of a 150-W Xenon Mercury lamp (Anovia) associated with a Jarrel-Ash monochromator and a quartz optical fibre. The fluorescence excitation wavelength was set at 280 nm and the emission was acquired via a 320-nm low-cut optical filter. This made it possible to lower c 1 from < 50 mm to 1 mm in the mixing chamber.
Mathematical formalism and signal analysis
The experimental conditions were set so as to permit the use of chemical relaxation formalism [24] . All experimental signals were analysed as describe elsewhere [6] . They all were pure mono-or multiexponentials and were dealt with as relaxation modes [18, 19] .
R E S U L T S
All results are reported at an ionic strength of m = 0.2. However, in order to test the salt or ionic strength effect on iron release from ovotransferrin [1, 25] , some experiments were performed at ionic strengths varying from 0.1 to 0.5, with KCl concentrations varying from 50 to 400 mm. The results were identical to those obtained at m = 0.2. Therefore, under our experimental conditions, the salt effect was not observed.
When a solution of holo-ovotransferrin is submitted to a fast pH jump from neutral to acidic conditions in the presence of citrate, acetate or formate ions, six kinetic processes can be observed in a time range of , 5 ms to 5000 s (Fig. 1) . Some of these experiments were performed under variable partial pressure of CO 2 and, as for serum-transferrin, they were independent of these partial pressures and therefore of HCO 2 3 concentrations. Decreasing the temperature to 5 8C slows these kinetic phenomena considerably and allows an accurate measurements of the absorption spectra and the trapping of the kinetic intermediates before the beginning of the subsequent process. The pH values of the solutions containing each one of the kinetic intermediates were afterward raised from acidic to neutral by adding cold basic Hepes/HCO 2 3 solutions in order to stabilize the intermediate in neutral media in the apo or the monoferric form. Polyacrylamide/urea gel electrophoresis was then performed to identify the state of iron load [20] . All the observed kinetic phenomena, besides the fastest, appear as exponential decreases in absorption in the 400±500 nm range or increases in the fluorescence intensity when the excitation wavelength is set at l ex = 280 nm. The amplitude of the fastest process is always observed whether the protein is in the holo-or the monoferric form and depends only on the initial protein concentration (c 0 ) for pH , 5 ( Fig. 1) . This amplitude is, however, very weak when detected by fluorescence emission spectroscopy (data not shown). This very fast phenomenon occurs within the limits of the stopped-flow mixing time (Fig. 1A,B) . The second and third processes are only detected with the holo-ovotransferrin in the 200 ms to 10 s range (Fig. 1A) . All the other kinetic phenomena are observed with both holo and monoferric ovotransferrin. The fourth process occurs in the 10±100 s range and only depends on the pH (Fig. 1B) . The fifth process occurs in the 100±1000 s range, its rate being dependent on pH and independent of acetate or formate concentration (Fig. 1C) . However, this process depends on citrate concentration with at least a tenfold increase in the overall rate (Fig. 1D) . The sixth process occurs in the 1000±5000 s range. It is mainly observed with acetate or formate and depends only on pH (Fig. 1C) . With citrate, the amplitude of this process becomes too low to allow its analysis (Fig. 1D) . Furthermore, the amplitude of these two final processes becomes negligible at pH , 4. As the state of charge of the different protein species involved in this work is not known charges will not be written.
The first process
The first process of Fig. 1 . is too fast to be analysed and, the rates and amplitudes of all the other observed kinetic processes are independent of the CO 2 partial pressures. It was, therefore, assumed that this fast phenomenon may describe protonassisted decarbonation of the protein in acidic media, because this decarbonation is a prerequisite for iron release [13, 14] . 
The second and third kinetic processes
The second and third kinetic processes of Fig. 1A are only observed with the holo-ovotransferrin as also shown in Fig. 1B . Both phenomena are directly pH-dependent. The kinetic product which accumulates at the end of the third process is a monoferric ovotransferrin, as confirmed by polyacrylamide gel electrophoresis. These two processes are therefore ascribed to the release of iron from the N-site of the protein. If we assume that this release occurs in a similar manner to that for serum-transferrin with, however, the involvement of two proton transfers instead of a single one for serum-transferrin [ The reciprocal relaxation time equations associated with Eqn (10), the second kinetic process of Fig. 1A , and Eqn (11), the third kinetic process of Fig. 1A , can be expressed as Eqns (13) and (14), respectively [13, 19] .
A very good linear least-squares regression of the experimental data related to the second kinetic process against Eqn (13) is obtained (Fig. 2) . From the slope and intercept, k 1 = (2.30^0.10) Â 10 4 m 21´s21 , k 21 = (1.40^0.10) s
21
and K 1a = k 21 /k 1 = (60^6) mm are determined. Another very good linear least-squares regression of the experimental relaxation times related to the third kinetic process against Eqn (14) is obtained (Fig. 3) . From the slope and intercept we determine: 
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The fourth kinetic process For pH . 4, at the end of the fourth process of Fig. 1B±D and before the beginning of the fifth process, the ovotransferrin is still in the monoferric form. This was confirmed by PAGE. The experimental reciprocal relaxation times associated with this fourth process (Fig. 1B±D ) depend on nothing other than pH and seem to obey only Eqn (15) (Fig. 4) .
Equation (15) 
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, Fig. 1C ] become very short and depend only on pH. The experimental reciprocal relaxation times associated with both processes are independent of c 1 , which precludes rate-limiting iron loss from the protein [18, 19] . With serum-transferrin, these rates depend on pH and the nature of the ligand, but never on its concentration, and relate to slow proton transfers occurring with the mixed protein-ligand complex (Eqns 7 and 8) [13] . This, and the facts that formate and acetate scarcely complex Fe(III) [23] , that citrate is a strong Fe(III) chelator [22] (Fig. 5) , led us to propose Eqns (17±19). In these equations, it was assumed that with the strong citrate ligand, the fifth kinetic process (Fig. 1D ) describes a slow proton-transfer following the interaction of the monoferric protein with L, whereas with acetate and formate (Fig. 1C) this kinetic process only relates to a proton transfer.
HoT C FeL 17 Equations (20±22) can be associated to Eqns (17±19), respectively, when each is rate-limiting (see Appendix).
Equation (20) can be discarded because it is never followed by our experimental data. Therefore, Eqn (17) is not rate-limiting. In Eqn (21), we lack the K LC value and were not able to determine K 3a . We therefore used a programme in which K LC and K 3a varied in the 1 mm to 1 mm range, for each pair of values a linear regression of the data with least squares adjustments against Eqn (21) was performed. The pair of equilibrium constants which led to the best regression line was K LC = (0.435^0.015) mm and K 3a = (1.00^0.10) mm. Four new series of experiments were then performed at four fixed pH values with c 2 varying from 0.5 to 5 mm (c 2 is the analytical ligand concentration). A good linear least-squares regression of these data against Eqn (21) was obtained (Fig. 6) . With acetate and formate and in the absence of citrate, a very good linear least-squares regression of the data against Eqn (22) is obtained (Fig. 7) . From the slope of the best line k 5 = (6.90^0.30) Â 10 6 m 21´s21 is determined.
The sixth kinetic process
At the end of the final kinetic process (Fig. 1) , the protein becomes iron-free. The amplitude of this last process becomes too low to allow any kinetic analysis in the presence of citrate (Fig. 1D) , whereas with formate and acetate (Fig. 1C) , the rates depend on pH. As for serum-transferrin, this last process can be ascribed to a slow protonation [13] , Eqns (23±25 (26) (Appendix).
which can also be expressed as:
A very good linear least-squares regression of the data against Eqn (27) is obtained (Fig. 8) . From the slope of the best regression line,
D I S C U S S I O N
To avoid citrate-Fe(III) complex polymerization, all experiments with citrate were performed at c 2 # 10 mm [26] . . Indeed, when a ligand loses a proton its affinity for the metal increases, sometimes to such an extent that complex formation occurs with the q FEBS 1999 nonprotonated species at pH values where the free ligand is still in the protonated form [27, 28] . Citrate species concentrations can be determined from Eqns (28±30) [9] . In Table 1 , we summarize the mechanisms of iron loss by serum-transferrin and ovotransferrin. The differences between iron release from ovotransferrin and from serum-transferrin seem important. However, a thorough analysis of both mechanisms clearly indicates that the two proteins have similar but not identical behaviours toward Fe(III) loss in acidic media. They differ in the rates of iron release, the number of proton transfers involved and the rate-limiting steps. Nevertheless, in both proteins, proton-assisted carbonate loss seems to be the indispensable trigger for iron release [13] . This is confirmed by an X±ray diffraction study on the N-site of serum-transferrin [14] . With serum-transferrin, the release of the metal from the N-site involves a single slow proton-transfer reaction which we ascribed to an acid-base reaction occurring on the Hist ligand (Eqn 2) and probably controlled by the change of conformation from close to open occurring upon iron loss [12, 16] . This was also confirmed by X-ray diffraction [5] . With ovotransferrin, iron release from the N-site occurs in two steps, each of which involves a slow proton transfer [Eqns (10) and (11)]. As for serum-transferrin, no intermediate complex between the holoprotein and the competing ligands present in the medium is observed during iron release from the N-site [13] . With the Csite, the mechanism of iron release seems much more complex with ovotransferrin than with serum-transferrin. Nevertheless, the two mechanisms obey the same rules with some differences in the proton uptakes, in the rates and in the rate-limiting steps. In very acidic media (2.5 , pH , 3.5), with serum-transferrin the loss of iron is kinetically controlled by a slow proton transfer (Eqn 6), which probably occurs on the Asp ligand of the apoprotein [12] . This probably describes the change in conformation of the lobe from the iron-containing closed structure to the iron-free opened conformation [13] . At pH . 3.5, an intermediate complex between the competing ligands present in the medium and the monoferric C-site is formed (Eqn 7). The rates of iron release from this intermediate are controlled by a slow proton transfer, as shown in Eqn (8), [13] . With ovotransferrin, after the fast proton assisted decarbonation (Eqn 9), the first step in iron release from the C-lobe is a slow proton transfer (Eqn 16), followed by two possible paths, each of which depends on the strength of the competing ligand (Eqns 17±19 and 23). In the presence of a strong iron chelator such as citrate [22] 
The rate is then independent of ligand concentration but dependent on the nature of the ligand involved in the intermediate complex formation [13] . Therefore, iron release from the C-site of ovotransferrin occurs by a mechanism similar to that for serum-transferrin with, however, lower rates and the involvement of an additional proton transfer. This additional proton transfer can be due to the discrepancies in the interdomain H-bonds which exist in each of the iron-binding clefts of the two proteins [29] . These H-bonds can break upon protonation of the amino acids involved rendering the metal more accessible to the outside medium [9] . Nevertheless, in transferrins, Fe(III) is co-ordinated to the same protein ligand in a practically identical environment [2±4,29] . Despite this fact, the behaviour of the transferrins towards iron loss is not identical, as it is slower with ovotransferrin than with serumtransferrin and occurs in very acidic media with lactoferrin [13, 17] . The co-ordination bonds with a transition metal are always several orders of magnitude stronger than any classical H-bond [28, 30] . We therefore believe that the central metal constitutes the nucleus, which maintains the two domains of each lobe in a particular geometry. Interdomain H-bonds can help to reinforce this particular conformation or may control by their position the access to the metal. This can apply to hololactoferrins interdomain H-bonds involving nonprotonable amino-acid side-chains [29] which can retard the opening of the binding cleft and iron loss in acidic media. This can also apply to the dilysine interdomain H-bond in the N-site of ovotransferrin, which is positioned at the lips of the binding cleft [31] . Its protonation can break this H-bond, rendering the metal more accessible to the extra-proteic medium. Acid-base reactions are diffusion-controlled proton transfers, which occur in the ms range [18, 19] . The slow proton transfer observed during iron loss from transferrins can therefore be rate-controlled by the dynamic change in the conformation of the protein from closed to open which can manifest by a transition of the apparent pK a s of amino acids engaged in the closed conformation, to their thermodynamic values in the opened conformation [9] . Most of the`acid-base like' pK a s reported in Table 1 are close to those of the side-chains of the amino acids involved in complex formation between ovotransferrin and Fe(III) and in the interdomain H-bonds present in the C-binding cleft. We can therefore cautiously speculate that after the loss of carbonate, the first step involved in iron release form the C-site of ovotransferrin is the protonation of one of the Glu or Asp engaged in the interdomain H-bonds [Eqn (16) , pK a = 4]. This allows the interaction of the competing citrate ligand with the co-ordination sites of the metal left accessible by carbonate loss. This is followed by the protonation of the imidazole of the Hist ligand [Eqn (18) , pK 4a = 6]. In the absence of citrate, iron loss occurs at lower pH values and does not involve the formation of the intermediate ternary complex.
C O N C L U S I O N S
We have here shown that the iron scavenging and transport system ovotransferrin loses iron in acidic media by a mechanism similar to that of the pure iron transport system serum-transferrin, and does not behave in a manner similar to that of the scavenging agent lactoferrin, which is known to keep its Fe(III) at very low pH values [17] . However, in neutral media ovotransferrin does behave as the iron-scavenging lactoferrin [9, 16] . This may explain the duality of ovotransferrin as an iron scavenger in neutral media and/or deliverer in acidic endosomes. However, our results are reported in vitro and cannot be easily transposed in endosomes, where iron loss occurs from the protein in interaction with its specific receptor.
A P P E N D I X
The substitution method was used to derive the reciprocal relaxation time equations, Eqns (20) , (21), (26) and (27) [18, 19] .
Derivation of Eqn (20)
The conservation of mass and the constant state of equilibrium of Eqns (16) and (17) and the rate-control by Eqns (18) and (16) HoT C FeLDH /K 4a 38
From Eqns (34±38), Eqn (20) is derived.
Derivation of Eqn (21)
When Eqn (18) Derivation of Eqns (26) and (27) The conservation of mass, the constant state of equilibrium of Eqns (24) and (25) 
